Abstract Organic agriculture can and should play an important role in solving future challenges in producing food. The low level of external inputs combined with knowledge on sustainablity minimizes environmental contamination and can help to produce more food for more people without negatively impacting our
environment. Organic agriculture not only includes farming as a production practice but it also includes processing, trade and consumption. Nevertheless, Organic agriculture must always evolve to overcome emerging challenges. Science-based knowledge attained through dedicated research is required to strengthen organic food and farming as a means to solve future challenges. In 2010, a global discussion about Organic 3.0 was initiated to address current problems our agri-food systems are facing. Many scientifically and practically proven results are already available to make organic agriculture a strong tool to solve some of these challenges. However, the organic agri-food system has to be developed further to fulfill its potential. The contribution of organic agriculture to help solve current problems linked to food security and environmental quality was discussed during the
Introduction
The future challenges in food production and consumption appear clear: (a) producing sufficient healthful, safe and affordable food for 9-11 billion people, (b) reducing pollution and greenhouse gas emissions derived from food production, processing, trading and consumption, (c) developing food chains driven by renewable energy and recycled nutrients, (d) adapting to climate change and mitigating greenhouse gas emissions, (e) protecting soils, water, air, biodiversity and landscapes and (f) taking into account current and emerging ethics, food habits, lifestyles and consumer needs.
Several findings from scientific research and practical application suggest that organic agriculture can help in tackling these future challenges (Arbenz et al. 2015) . The Blow external input^approach, risk minimizing strategies and ethically accepted production practices can help to produce more affordable food for an increased number of people while minimizing environmental impacts. However, resource efficiency, low-meat diets and reducing food waste are also essential factors that have to be be considered.
From a global perspective, organic agriculture is still a niche sector, as less than 1% of global farmland is managed organically and only a small proportion of the global population is consuming organic food in significant amounts. Production yields are relatively low, and the goals of organic agriculture, described in the principles and standards, are not achieved on every farm. This needs further development based on scientific evidence and good management practices.
Discussion about the future global development needs of organic agriculture was initiated by a number of farmers in 2010 (Braun et al. 2010; Strootdress et al. 2011 ) and was named Organic 3.0. The Bioland Association, the largest organic farmers' association in Germany , continued this discussion finally introducing the term Organic 3.0 at BioFach 2014 to the global discussion (Rützler and Reiter 2014) . Several organic groups subsequently developed ideas towards Organic 3.0 and formulated strategies. BioAustria (Austria), Bio Suisse (Switzerland) and Bioland (Germany) have published a common Organic 3.0 paper in order to define goals for further development.
The suggested strategies for Organic 3.0 include empowerment of rural areas, ecofunctional intensification and development of food for health and well-being and are therefore in accordance with the Sustainable Development Goals (SDGs) passed by the UN General Assembly in September 2015 as BPost-2015 Agenda( UN 2015a . Two of the 17 SDGs are of special relevance for Organic 3.0 strategies: SDG 2: BEnd hunger, achieve food security and improved nutrition and promote sustainable agriculture^and SDG 12: BEnsure sustainable consumption and production patterns^.
The German Alliance for Agricultural Research (Hamm et al. 2016) , the International Federation of Organic Agriculture Movements (IFOAM) EU group (Barabanova et al. 2015) , the Technology Innovation Platform TIPI of IFOAM-Organic International , the Italian Organic Research Strategy and the EU Technology Platform Organics (TPorganics 2016) have proposed how research should be directed and supported to achieve the aims of Organic 3.0. The International Society of Organic Agricultural Research (ISOFAR) discussed these strategies and the role of research during the ISOFAR Symposium BOrganic 3.0 is Innovation with Research^, held in September 20-22, 2015 , in conjunction with the first ISOFAR International Organic Expo in Goesan County, Republic of Korea. The aim of this paper is to compile the outcomes of these discussions and give an overview of the scientific support for the claim that organic agriculture has a significant role to play to overcome the mentioned crucial challenges.
For this purpose, the authors will highlight the most relevant global challenges, show results from organic agriculture research that can be used to cope with these challenges and give an outline about which research will be needed to foster the development of Organic 3.0. A background section describing in brief the scientific base of Organic 1.0 and 2.0 development phases is provided (BOrganic agriculture: science based from the start^) before we discuss global challenges in BThe base for Organic 3.0 research: future challenges of food and farming^and BContribution of organic agriculture in addressing future challenges^.
Organic agriculture: science based from the start
The Codex Alimentarius Commission of the FAO/ WHO (1999) has defined organic agriculture as follows: BOrganic Agriculture is a holistic production management system which promotes and enhances agriecosystem health, including biodiversity, biological cycles and soil biological activity. It emphasizes the use of management practices in preference to the use of offfarm inputs, taking into account that regional conditions require locally adapted systems. This is accomplished by using, where possible, agronomic, biological, and mechanical methods, as opposed to using synthetic materials, to fulfill any specific function within the system^.
Organic 1.0
The system of organic agriculture arose in the early twentieth century and has since gone through several stages, including Organic 1.0 and Organic 2.0, with Organic 3.0 currently under development (Niggli and Rahmann 2013) . Organic 1.0 is defined as the period of organic pioneers, developing the vision of organic agriculture (OA). Organic 2.0 is the period of growth and marketing of organic, which has taken place in recent history. Finally, Organic 3.0 addresses future challenges and aims at entering organic agriculture on the global stage. These definitions were adopted by the global organic movement Arbenz et al. 2015; Rützler and Reiter 2014; Niggli et al. 2015) , and the stakeholders tried to define goals for further development from the perspectives of the associations and institutions involved. Organic 1.0 was marked by several important discoveries and events around the turn of the twentieth century. For example, one of the first scientific fields influencing organic agricultural practices was Bagricultural bacteriology^developed in the early 1900s. Scientists discovered nitrogen-fixing bacteria (Hellriegel and Wilfarth 1888; Beijerinck 1901) , leading to increased knowledge about biological aspects of soil fertility and the importance of soil fauna and soil organic matter. Agricultural measures thought to be beneficial for soil fertility included the use of farmyard manure, fermentation or composting of farmyard manure, reduced or non-inversion tillage and the use of green manure.
Around the same time period, Rudolf Steiner's (1861-1925) series of lectures gave birth to the movement of biodynamic agriculture (Paull 2011 ). Steiner did not present a ready-to-use science-based organic agricultural system but rather concepts and practices of farming such as closed cycles, farms as organisms and holistic and spiritual thinking. Shortly after his death, farmers and scientists (e.g. E. Pfeiffer, L. Kolisko) started to apply, verify and improve his approaches on their farms to develop a more robust system of biodynamic farming (Paull 2011) . Research institutes for biodynamic farming were established, e.g. in Järna, Sweden and Darmstadt, Germany.
Another development of Organic 1.0 happened under the leadership of Hans and Maria (1894 Maria ( -1969 Müller, who developed the organic-biological system in Switzerland based on practical experiences. In addition to the systems developed from practice, work was being done on a theoretical background for the organic-biologic system by the microbiologist Hans Peter Rusch (1906 Rusch ( -1977 . Rusch was skeptical about the use of mineral fertilizers, and his main topics of interest were soil fertility, soil health and the formation of humus (Paulsen et al. 2009a, b) .
In the English-speaking world, Lady Eve Balfour (1898 Balfour ( -1990 and Sir Albert Howard (1873 Howard ( -1947 in the UK and Jerome Rodale (1898 Rodale ( -1971 in the USA were the pioneer stakeholders of organic agriculture. Lady Balfour is known for her Haughley Experiment, one of the first long-term studies comparing organic with high external input of conventonal farming. Howard worked on composting urban wastes, plant breeding, plant health and soil fertility in India and was inspired by the sustainable farming practices he observed in Asian countries. Rodale, an editor, author and playwright, was an advocate for organic, popularizing the term to indicate food that was grown without pesticides. These individuals greatly influenced the organic agriculture movement in Great Britain and North America through their farming, advocacy and scientific work (Vogt 2000) .
In Italy, Alfonso Draghetti (1888 Draghetti ( -1960 , who worked at a public agricultural research station in Modena, published BPrincipi di Fisiologia dell'Azienda Agraria^(Physiological Principles of the Farm) in 1948, in which he discussed how biological principles support the theory that the farm functions as a whole (Draghetti 1948) . Along with Francesco Garofalo, who founded the Associazione Suolo e Salute in Turin in 1969 , and Ivo Totti (1914 -1992 
Funding for organic research
Besides private funding in the last three decades, public funds for organic agricultural research have become increasingly available especially in Europe. However, there remains a gap between funds for organic and nonorganic agricultural research. Rahmann and Aksoy (2014) showed that in 2012, Germany spent about 87 million euros of public money for organic agricultural research (1.07 euros per capita). While this seems like a low funding level, other EU and EFTA members only spent 0.30 euro per capita on organic research, and the rest of the world spent 0.0005 euro per capita. In comparison, in Germany, 4 billion (50 euros per capita) and globally US$40 billion (US$6 per capita) were spent on conventional agriculture research. Thus, even in the country with the highest organic farming research funding rates, only 2% of the agricultural research funds were dedicated to organic, and the global average for organic research funding was only 0.04%. In comparison to the organic market share, this is not an equitable distribution. In Germany, organic food in 2015 had a share of 3.8% of all food purchases, 6.7% of all farmland and 8% of all farms. On the global level, organic food had a share of 1% for purchases and farmland.
Federally funded organic projects
In the 1990s, the first EU-funded projects were carried out and a growing number of national research institutions became involved in EU calls. In the following years, organic agricultural research in the EU was funded by national or pan-European schemes. The fifth, sixth, seventh and Horizon 2020 framework programs of the EU all supported large projects that supported further development of organic agriculture. Famous examples include the organic plant breeding program, SOLIBAM; the market information program, EISfOM and the review of the European Action Plan for Organic Agriculture, ORGAP. All these efforts have been recorded in the open archive Organic E-prints (Organic E-prints 2016 http://orgprints.org).
In 2004, the CORE Organic program was initiated as a European Research Area Network supported by the EU. By 2016, this cooperation of European funding bodies financed 33 projects (CORE Organic, www. coreorganic.org). Also, national public funding programs on organic food systems have continued in some European countries since the late 1990s, such as Italy, Sweden and Denmark and Germany.
In the USA, federal funds have been available for organic research since 2002, with approximately US$24 million specifically earmarked for organic research in the 2015 US Farm Bill. This is a significant increase from 1997, when the Organic Farming Research Foundation (OFRF) published the report BSearching for the O-Word^. In this report, OFRF searched through more than 30,000 agricultural research projects in the US Department of Agriculture's research portfolio. The report showed that only 34 projects qualified as Bstrong organic^, which is about 0.1% of the total agricultural research budget of US$24 billion.
Publications on organic agriculture
The founding of the journals Biological Agriculture and Horticulture (1982) and the American Journal of Alternative Agriculture (1986, today named Renewable Agriculture and Food Systems) facilitated the publication of scientific information related to organic agriculture. In 2011, the ISOFAR journal Organic Agriculture was launched by Springer scientific publisher to meet the growing demand for scientific publications about organic agriculture research. Since organic agriculture research is currently mainly financed by public money, the organic research agenda has been influenced by the directions of the national and pan-national support programs.
In (1999) (2000) (2001) (2002) (2003) (2004) , they found that 0.074% of all papers listed with the abstract search terms Bagriculture^or Bfarmingd ealt with organic agriculture. However, Watson et al. (2008) pointed out that many research results about organic agriculture issues were published in other sources than scientific papers, such as government reports, conference proceedings and information brochures, which are to some extent even more important for farmers and policymakers. Siegmeier et al. (2014a, b) also analyzed the number and share of articles dealing with organic agriculture in the International Science Citation Index (ISI) of Thomson Reuters Web of Science. They conducted a topic search with the search terms Borganic farm*^or BOrganic Agriculture^and compared the number of organic publications (ORG) with the number of all publications dealing with agricultural topics (AGR) ( Table 1) . For the period 1977-2011, they recorded 2801 ORG publications (about 2%) and 136,712 AGR publications. To make the development of the number of publications in different topics comparable, with total number of publications being very different, they used the doubling time as an indicator. This analysis showed that the numbers of ORG and AGR publications had very similar doubling times during the last decades. Furthermore, Siegmeier et al. (2014a, b) showed that the generally expected exponential pattern in the distribution of scientific publications (Vickery 1948) holds true for ORG publications. Exponential patterns were revealed concerning authors, countries of origin, author affiliations and journals. However, Siegmeier et al. (2014a, b) did not include the search term Borganic food^so that many publications on the levels of consumers, processors and traders were not covered.
In general, research in organic agriculture claims to be more holistic compared to research in non-organic agriculture (Watson et al. 2008) , because reductionist science is thought to be incapable of solving complex system problems (Huesmann 2001) . Holistic approaches are also in accordance with the views of the pioneers of organic agriculture research, such as Lady Eve Balfour (1943) , who claimed that Bthe health of soil, plant, animal and man is one and indivisible^. This expectation leads to conflicts for researchers, as there is a general movement towards reductionist approaches to increase the number of publishable papers that also holds true for organic agriculture research (Squire and Gibson 1997) . To cope with this problem, Watson et al. (2008) propose an approach they call Bhierarchical system approach^, which uses inter-and trans-disciplinary methods to gain holistic insight by a variety of smallscale (reductionist) experiments. In addition, there is a growing movement of scientists advocating for a new evaluation system of research results that goes beyond well-established bibliographic indicators to highlight innovative aspects and issues more relevant to farmers and other end users (Spaapen 2015; Wolf et al. 2015) .
Organic agriculture research often places a specific area of interest into a whole systems, environmental, sustainability or livestock health and welfare context. In some projects, researchers compare the outcomes of organic agriculture systems with conventional (Watson et al. 2008) . Stinner (2007) stated that the research efforts in organic agriculture have grown rapidly since the mid1990s, and he summarized these efforts under the topics soil ecology, nutrient losses, natural controls The most important challenges for organic agriculture are to move from a purely agricultural perspective towards organic as an agri-food system view including the following:
1. Producing sufficient healthful, safe and affordable food for 9-11 billion 2. Reduction of pollution and greenhouse gas emissions derived from food production, processing, trading and consumption 3. Developing food chains driven by renewable energy and recycled nutrients 4. Adapting to climate change and mitigating greenhouse gas emissions 5. Protecting soils, water, air, biodiversity and landscapes 6. Taking into account current and emerging ethics, food habits, lifestyles and consumer needs
In the following sections, selected aspects of these global challenges are outlined to understand the dimension and needs for research. We focus on those aspects where scientific evidence clearly underpins the potential of innovation coming from organic agriculture. We exclude aspects of agropolicy and consumer behavior, due to the contrasting of diverse global conditions. Further, we omit internal challenges within the organic sector such as certification and guidelines. Highlighting and deepening selected aspects do ignore the interactions among most of these challenges. Global climate change, for example, strongly influences the security of food supply and the loss of biodiversity.
Feeding the world
For the period , FAO, IFAD and WFP (2014 estimated that worldwide, 805 million people were undernourished (consumption of fewer than 1800 kcal per capita per day), a prevalence of 11.3%. The majority of people expected to suffer from hunger live in Southern Asia (276.4 million, 15.8%) and Sub-Saharan Africa (214.1 million, 23.8%). Other than hunger, malnutrition, which refers to the inadequate intake of essential vitamins, minerals and other health promoting compounds, plays an important role. It is estimated that about two billion people are suffering from this hidden hunger worldwide (Grebmer et al. 2014) .
However, there are currently enough calories and proteins produced globally to feed our population (FAO, IFAD and WFP 2014) , but distribution is uneven. Those suffering undernourishment are not able to buy sufficient food, while others experience gross levels of food waste. Tilman et al. (2001) argue that hunger is mainly due to political and economic reasons such as armed conflicts, rural poverty, missing access to land, missing availability and affordability of food and consumption patterns.
In contrast to the problem of undernourishment, in 2013, 36.9% of men and 38.0% of women had a body mass index (BMI) of 25 or greater worldwide, with a BMI between 18.5 and 25 indicating optimal weight. In developed countries, 23.8% of boys and 22.6% of girls are overweight or obese, and in developing countries, 12.9% of boys and 13.4% of girls are overweight or obese (Ng et al. 2014) . If the post-2000 trends continue, the global obesity rate (BMI >25) will rapidly reach 18% for men and 21% for women, and severe obesity (BMI >35) rates will reach 6% for men and 9% for women, respectively (Ezzati et al. 2016) .
It is expected that the global population will grow to more than 9-10 billion people in 2050 (UN 2015b). OECD and FAO (2014) estimate that food production must increase by 60% over the same period to meet this growth, if actions are not taken to change diets, and reduce food waste (Alexandratos and Bruinsma 2012) . The estimated needed increase in food production is almost twice as high as the expected population growth, which is slightly more than 30%. Globally, increased production yields and resistant crops are the main targets of agricultural research and development. Genetically modified organisms (GMOs) are considered a key instrument for achieving these goals. However, genetic modification is not a perfect solution. GMOs make farmers dependent from external inputs, and the promises of GMOs have fallen short (Reganold and Wachter 2016; IAASTD 2009) .
The majority of farmers in developing countries facing hunger practice low input-low output systems. Moving towards low input-medium output can be achieved using best practices for organic with or without organic certification. Pest and weed management in cultivation, improved utilization of organic matter sources and legumes, livestock-crop integration and improved harvest, storage and distribution structures would also improve food security (FAO 2013) . Local food and consumption systems with fair conditions would inrease the access to healthy and affordable food across socioeconomic levels (IAASTD 2009).
Changes in diets and especially the rapidly increasing consumption of meat following economic growth are likely to require higher production of food than the population increase alone. Food loss and waste can be up to 50%, depending on the type of food and the region of production and consumption (Gustavsson et al. 2011 ). According to recent estimations, around one quarter of the global food supply produced (614 kcal capita
) is lost within the food supply chain from farm to fork. With best management practices and region-specific global food supply, losses could be halved (Kummu et al. 2012 ).
Agricultural impact on the environment
Farming activities take up 38.4% of the earth's ice-free land surface. The global land surface is about 11 billion ha. Four billion ha are used as permanent grassland (decreasing), and one billion ha are cropland (increasing) (FAO 2015a; UNEP 2014) . Agriculture is responsible for significant changes in natural conditions (landscape, relief, soil, water, air, fauna and flora) and may cause environmental damage through intensive tillage, high animal densities and intensive grazing, monotonous crop rotations and the intensive (mis-)use of pesticides and fertilizers. Additionally, soil degradation and desertification are impacting production potential. Intensification has been made possible due to the low cost of finite resources and externalization of societal costs for environmental pollution. FAO (2015a) estimates capital losses from environmental degradation (natural capital losses) at US$1.15 trillion (170% of production value) per year.
Livestock natural capital costs (greenhouse gas emissions, degradation of natural grazing areas) are even higher, at US$1.81 trillion (134% of production value) per year. Seventy-seven percent of the natural capital costs of crop production occur at the farm level, with a considerable contribution from excess nutrients leaching into water, intensification of land use and pesticide pollution.
On the other side, agricultural activities may diversify the landscape and increase biodiversity and landscape quality (e.g. Scherr and McNeely 2008; Rahmann 2011) . Several plant and animal species are dependent on agricultural activities. This potential of a careful and diverse agriculture to enrich the natural environment should not be neglected when the impact of agricultural activities on the environment are considered.
Soil fertility and soil quality
Worldwide, 25% of agricultural land is highly degraded, with erosion and salinization being the two most dominant forms of soil degradation (DeLong et al. 2015) . The most extensive soil degradation appears in SubSaharan Africa and South Asia (Lal 2009; Bindraban et al. 2012 ). According to Sanchez and Suraminathan (2005) , in Sub-Saharan Africa, about 75% of the total arable land (95 million ha) is highly degraded, and farmers lose 8 million tons of soil nutrients (equivalent to US$4 billion) annually.
A review from Bhattacharyya et al. (2015) deals with the problems of soil degradation in India, estimated to be occurring on 147 million ha of land. This is a serious issue, as the country supports 18% of the world's human population and 15% of the world's livestock population, while comprising only 2.4% of the world's land area. The authors construct an extensive list of natural and human-induced causes for soil degradation, including inappropriate agricultural practices such as excessive tillage, use of heavy machinery, excessive and unbalanced use of inorganic fertilizers, poor irrigation and water management techniques, pesticide misuse and overuse, inadequate crop residue and/or organic carbon inputs and poor crop cycle planning.
Erosion, one of the dominant forms of soil degradation, removes or reduces the upper fertile layer of the soil. Montgomery (2007) estimated that conventionally ploughed agricultural fields cause rates of erosion one to two orders of magnitude higher than both the erosion rate under natural vegetation and the soil regeneration rate. In India, China, Iran, Israel, Jordan, Lebanon and Pakistan, yields have been reduced by 20% due to erosion (Dregne 1992), while a worldwide productivity loss close to US$400 billion annually is estimated (Pimentel 2006) . Soil erosion is a special challenge for organic agriculture, since conventional ploughing and intensive soil tillage is often required to control weeds without herbicides.
Nitrogen (N) and phosphorus (P) losses contribute to a range of effects, such as eutrophication, air and water pollution, climate change and stratospheric ozone depletion (Erisman et al. 2013) . High animal densities are associated with a decoupling of animal and crop production, leading to excessive fertilizer applications in cropping systems not designed to conserve nutrients (Bleken et al. 2005) . These challenges contribute to the export of N and P into coastal oceans which leads to eutrophication, algal bloom, hypoxic conditions and biodiversity loss in coastal waters. The use of P fertilizers tripled between 1960 and 1990 (Millennium Ecosystem Assessment 2005 . Human population and urbanization along waterways exacerbated the impact of fertilizer use increases, with sewage and industrial effluents adding to the nutrient overload from agriculture (Rabalais et al. 2009 ). Increasing amounts of nutrients over several decades have been transferred from land to the sea (Seitzinger et al. 2002) , depriving coastal populations of their marine-based livelihoods. Seen in light of the large demand for N and P globally, the badly balanced distribution of these plant nutrients on a global scale, driven by industrialization of agriculture, is alarming.
In dry areas, soils are degraded by salinization, the contamination of soil with salt, derived from evaporation rates being above precipitation. This issue hinders plants ability to take up sufficient water to meet physiological needs. Some of the hot spots of salinization are in the USA, Pakistan, Iraq, Australia and China. Worldwide, 34 million ha of land are affected (FAO 2011a, b) , increasing by 1.5 million ha year −1 , e.g. due to changing climatic conditions. The resulting decline in production is estimated to cost US$11 billion a year (Wood et al. 2000; FAO 2015a ).
Organic agriculture is not immune to the problems of soil degradation. Many organic agriculture systems, especially in the developed world, make intensive use of tillage, especially to control weeds and to incorporate organic amendments (Bàrberi 2006) . Raviv (2010) reported that the most important field of research in organic horticulture should be the identification of novel and efficient methods for weed control that have no negative effects on system sustainability, especially on soil quality parameters. The author also showed that improved energy efficiency typical of organic cropping systems is often offset by increased tillage or other methods for weed control, e.g. thermic. Consequently, energy efficient strategies to control weeds need to be further developed, including no-till and reduced tillage cropping systems.
Biodiversity loss
In 2005, the results of the Millennium Ecosystem Assessment (MEA) were published. The synthesis report on biodiversity pointed out that in the past 50 years, changes in biological diversity were more rapid than at any other time in human history. In general, genetic diversity across many species has declined globally, especially among domesticated species. This may result in significant future problems for the agricultural sector, as reduced genetic diversity lowers the resilience and adaptability of species to natural-or human-induced disturbance (MEA 2005) . Rockström et al. (2009) concluded that the rate of biodiversity loss today is far beyond the planetary boundaries for a safe operating space for humanity.
MEA (2005) further found that habitat change, climate change, invasive alien species, overexploitation of species and pollution are direct drivers of biodiversity loss and change in the provision of ecosystem services worldwide. Agriculture is considered a major driver of these problems, especially through habitat or land use change and nutrient loading. The impact of agricultural (mis)management on loss of biodiversity and ecosystem services is important considering that 38.4% of the Earth's terrestrial surface is covered by cultivated systems.
Climate change
Worldwide, between 1880 and 2012, the temperature at the land and ocean's surfaces increased on average by 0.85°C. It is accepted by scientists that the increase of greenhouse gases (GHGs) in the atmosphere due to human activities is the cause of global warming (IPCC 2014a, b) . Human activities have caused a level of GHGs in the atmosphere that has not occurred for over 800,000 years. In 2010, 49 Gt of carbon dioxide equivalents (CO 2 eq) were emitted worldwide (IPCC 2014a, b) .
In 2010, emissions of important GHGs, dinitrous oxide and methanefrom agriculture were estimated to be 5.2-5.8 Gt CO 2 eq year −1 (FAOSTAT 2013; Tubiello et al. 2013) , which is about 10% of the global total. Enteric fermentation and release from agricultural soils represent the majority of this, about 70%, followed by paddy rice cultivation (9-11%), biomass burning (6-12%) and manure management (7-8%). The largest shares of emissions from enteric fermentation (75%), deposited manure (80%), synthetic fertilizers (70%) and paddy rice production (94%) were from developing countries. It should be noted that the above-mentioned global figure of GHG emissions does not include inputs from land use change, forestry and activities that change the status of peat land. When including these, agriculture, forestry and other land use accounted for 24% of global GHG emissions in 2010. The resulting figure of about 12 Gt CO 2 eq year −1 does not take into account upstream factors such as the production of synthetic fertilizers or fuel combustion for farming and transport. Bellarby et al. (2008) calculated these amounts at 0.059-0.257 Gt CO 2 eq year −1 for the use of farm machinery and 0.284 to 0.575 for the production of fertilizers. (Worldwide, agriculture is consuming 11 exajoule (EJ) of energy annually and this amount is expected to increase by 0.8 to 2.9% annually between 2000 and 2030 (Price et al. 2006) ). Fiala (2008) projected that by 2030, the global emissions of GHGs from the production of chicken, pork and beef will reach 1891 Gt CO 2 eq year −1 . Furthermore, Fiala (2009) showed clear differences between GHG emissions from the production of potato, apple and asparagus being 0.12, 0.14 and 0.18 kg CO 2 eq kg −1 , respectively, compared to those resulting from the intensive production of chicken, pork and beef emitting 0.49, 1.72 and 6.71 kg CO 2 eq kg −1 , respectively. Stavi and Lal (2013) discussed the potential effects of climate change on agriculture and concluded that climate change impacts on agricultural productivity are expected to vary significantly depending on geographical region. In humid temperate regions, higher temperatures and CO 2 fertilization effects may benefit agriculture; however, the expected rise in the number of extreme weather events will restrict time windows for fieldwork operations and increase risks for agricultural production. Nevertheless, humid temperate regions will be better off than semi-arid regions closer to equator, where the expected increased frequency of extremely warm periods and droughts will increase soil degradation and leave large areas unproductive. Intropic and subtropic regions, the consequences of warming and shifts in precipitation, are hard to foresee, and declines in crop yields are projected to range between 3% and almost total failure (Deryng et al. 2014 ) Climate change will also affect the performance of semi-natural ecosystems such as pastures and the emergence, spread and distribution of livestock diseases, insect pests and invasive plant and animal species.
To keep global temperature under the widely agreed critical value of +2°C, GHG emissions in all sectors need to be reduced by 40 to 70% by 2050, compared to 2010 values, and emissions will have to be around zero or even below by 2100 (IPCC 2014a, b) .
Changing ethics and habits
Farmers and consumers are two of the key players in agricultural systems. Awareness of the social situation of farmers and farm workers, especially small-scale farmers in developing countries, is an important factor for stabilizing societies. Consumer interests and choice patterns tie in with the ethical treatment of producers, as they have expectations and perceptions of how farming should be done. The process qualities of the food chain are a crucial issue in the relation between producer and consumers. Ethical issues such as environmentally sound production, high animal welfare and fair working conditions are a key component in delivering truly sustainable food.
Farmer and farm worker conditions
The socioeconomic and social state of farmers and farm workers heavily depend on their working conditions as well as on the level of their wages and strength of their social support structure.
On the global level, four main types of farms with innumerable variations can be distinguished. One category includes industrially managed large-scale farms. These farms are owned either by large estate holders or by companies. Typical examples are big producers of soybean and grain in North and South America and companies that have emerged from former state-owned agrarian companies in China and Russia. Large-scale farms rely on an intensive division of labor. They are managed hierarchically and use costly machinery and technical assistance. The bulk of work is done by skilled and unskilled workers who are supervised by agricultural engineers and technical specialists. Corporate management is carried out by the owner of the company or by managers. Problems mainly arise for the workers, who are often paid poorly, do not have adequate social safeguards and may be reliant on seasonal work. In organic agriculture, this type of farm is an exception although there are no valid statistics on their frequency among different farming systems. However, structural changes and increasing consumption may lead to a rise in the number of large-scale, industrial farms also within organic agriculture. This we do not know! And is a little bla-bla.
The second category of farms include industrially managed family farms, common in Western Europe. Here, agricultural work is done by family members, with few wageworkers or agricultural contractors. Problems within this farm type mainly arise from competitive disadvantages in a retail sector which is rapidly centralized. For example, in 2012, the five most important food retailers in 24 European countries had combined market shares between 27 and 82% (Statista.com 2015) . This centralization puts pressure on the family farm structure, reducing their income. This structural transformation of the farming sector has been ongoing in developed countries for several years, with no signs of slowing down (OECD and FAO 2015) .
The third category are medium-scale family farms in developed countries seeking to overcome problems by regional marketing and direct contact to consumers and processors. Their strategy is to shorten the food chain often combining this strategy with the production of higher value products fresh or processed. This farmtype strategy reassembles the type of organic pioneer farms representing a diverse production in mixed farm concepts or horticulture.
The fourth category of farms on the global scale includes non-industrialized medium and small-scale farms. When examining types of farms throughout the globe, this type of farm is the most frequent. Small-scale farmers often face harsh working conditions, generate low income and have few social safeguards. The situation of small-scale farmers is closely inter-linked with the challenge of feeding the world. Worldwide, 2.6 billion people (2.5 billion in developing countries) live mainly from agriculture (FAO 2012). Small-scale farmers farm on average 2.4 ha in Sub-Saharan Africa and 1.8 ha in Southeast Asia (Deininger et al. 2011; FAO 2013) . Although there are many small-scale farmers in Africa, the import surplus for agricultural products stood at US$22 billion in 2007 (OECD 2014), indicating that African farmers do not feed their own continent. In these circumstances, farming is put at further disadvantage through political uncertainties, missing rules of law, missing legal certainty and generally poor management. Furthermore, small-scale farmers sometimes have to compete in global markets. One prominent example is the export of chicken meat from Europe to Africa, which considerably influences local markets and value chains. Other mechanisms destructive for local sustainable economies are worldwide speculation with agricultural products, the expansion of free trade agreements, the land use competition between food, feed, fibre and fuel and land grabbing (IAASTD 2009).
Ethical aspects of farming
In his book, BThe Imperative of Responsibility: In Search of an Ethics for the Technological Age^, Jonas (1984) carves out the ecological responsibility of humans to protect natural resources. This responsibility arises from the fact that humankind relies on natural resources and the value intrinsic worth of pristine nature. As all farming systems work with and depend on natural resources, this responsibility has to be assumed when discussing agricultural development. Consequently, organic agriculture has to realize a multifunctional approach that entails the production of sufficient highquality food, feed, fibre and fuel as well as a fifth Bfŝ tanding for Bfurther deliveries^(Köpke 2016a), i. e. ecological services as well as animal welfare.
The philosphy and leading thoughts of Jonas (1984) and others helped give rise to the animal ethics during the last decade. While there is a general consensus that humankind must bear responsibility for animals (Nida Rümelin 2005) . In parallel to these theoretical discussions, questions of animal welfare have received increasing awareness in many societies during the last decades (Oppermann and Rahmann 2009).
In Germany, for example, the debate on how livestock should be kept was the reason why the Scientific Advisory Board for Agricultural Policy of the Federal Agricultural Ministry published an expert opinion to find ways leading to a socially accepted form of livestock farming (BMEL 2015) .
Besides ethical considerations about environmental responsibility and animal welfare, in recent years, discussions have been raised on how partners along the value chain of the farming and food sector should interact in a socially fair attitude. These discussions, which relate to all sectors of production, processing and trading, became more intense after the economic crisis in 2008. As professionalization took place in the organic agriculture sector during the phase of Organic 2.0, structures changed from small-scale to long, centralized value chains. Within these newly establishing structures, maintaining transparency, fairness and cooperation between market actors (values that organic agriculture relies on) became more and more complicated and therefore a topic of controversy among actors of the market chain ).
Changing attitudes of consumers
Growing consumer awareness of environmental issues and animal welfare has led to higher organic market share in several countries. A recent study from Germany (BMU and UBA 2015) showed that from 2000 to 2014, 14 to 35% of the respondents cited environmental conservation as one of the two most pressing issues facing the country. Concurrently, about 30% found environmental conservation to be in direct conflict with job creation (BMU and UBA 2013), and about 60% were only willing to take action in conserving the environment if their living standard would not be negatively influenced (BMU and UBA 2008) . Analogue conflicts are present for the consumption of organic products: People express larger interest than they actually convert to practice. In the UK, for example, 70% of consumers claim to buy organic products, but the market share of these products is only about 1.5%. This demonstrates an attitude-behavior gap, with most consumers buying organic products only sporadically (Soil Association 2009; Pearson et al. 2011; Harvey and Hubbard 2013) . While there is a general receptivity of consumers to organic food, the market share of products is still low (Pearson et al. 2011; BÖLN 2013) , however, rapidly increasing by 5-10% annually (Willer and Lernoud 2016) .
The general trend of increased meat consumption worldwide will pose substantial challenges for all future farming systems. Based on FAO data, Henchion et al. (2014) found aggregated meat consumption increased from 175,665 tons in 1990 to 278,863 tons in 2009 (ca. +60%), and this increase cannot solely be explained through growing populations, as per capita consumption also increased during the same period, from 33.7 to 41.9 kg annually. The trend towards consumption of white meat, already observable during the period from 1990 to 2009 (Henchion et al. 2014) , will probably continue in the future, and by 2022, poultry is expected to overtake pig meat as the most consumed meat in the world (European Commission 2012). The annual growth worldwide of meat consumption is expected to be around 1.7% by 2021 (OECD and FAO 2013) , and this growth will mainly be driven by increased consumption in emerging and developing countries (Thornton 2010) . It is predicted that the demand for meat will double in these countries by 2020 when compared with 1997 levels (Rosegrant et al. 2001 ). It remains an open question whether this increase may be balanced by the rapidly increasing interest in vegetarianism and reduced meat consumption in western countries (Quinn 2016) , supported by climate change mitigation.
Food quality and health
Consumers buy organic food because they believe it is more environmental friendly, healthier and tastes better than conventionally produced food (Tauscher et al. 2003; Torjusen et al. 2004; Verbeke and Lahteenmaki 2009; Stolz et al. 2011; Kriwy and Mecking 2012; Pino et al. 2012; Zanoli and Naspetti 2002; Zagata 2012) . Several authors analyzed the motivations of organic consumers and found that while most consumers are not well educated about organic agriculture, they believe that organic products are better and healthier due to reduced pesticide risks and higher ethical values. Since improved taste is often related to freshness, many consumers believe organic food to have a higher quality than conventional (Johannsson et al. 1999; Padel and Foster 2005; Hughner et al. 2007; Naspetti and Zanoli 2009; Hjelmar 2011) . Comprehensive studies have shown clear advantages for several parameters describing a higher product quality of organic produce compared to products derived from mainstream agriculture (Baker et al. 2002; Benbrook 2015) . The limited availability and uptake of nitrogen is considered as responsible for the often higher contents of secondary metabolites as beneficial ingredients in organic products compared to conventional (Mozafar 1993; Brandt and Molgaard 2001; Köpke 2005 ).
To help unify consumer perceptions of organic with actual organic system management, the European Union put in place regulations for organic production and processing (EC 2007; EC 2007) . Nevertheless, Kahl et al. (2010) showed that there seems to be a gap between consumer expectations and what can be guaranteed according to food quality through regulations and standards. For this reason, the organic sector must keep high quality standards and provide verifiable and realistic information about in which value-added categories organic food is supported by substantial research and in which categories the support is not (yet) evident. In addition to the authentication and regulation of farming practices, transparency on realistic organic benefits will safeguard organic integrity throughout the supply and consumption chain (Kahl 2012) .
Contribution of organic agriculture in addressing future challenges
Thirty-six invited scientists from around the world with expertise in a wide variety of disciplines discussed the challenges for future food systems and the role which organic agriculture can play to solve the problems when they met near Goesan in South Korea from September 20-22, 2015, in conjunction with the first ISOFAR International Organic Expo. In four closed sessions, the issues of feeding the world, reducing the impact of humans on the environment, ethical issues of food systems and food quality were discussed.
Feeding the world

Yield gap and food waste
The average worldwide yield gap between organic and conventional agriculture is estimated to be between 20 and 30% with high standard deviations (±21%) (Raynolds and Wachter 2016; Seufert et al. 2012; Niggli 2014; Grinsven et al. 2015) . Furthermore, de Ponti et al. (2012) found that the yield gap increases when calculated on broader levels, such as the farm or regional level, and that the gap tends to increase with increasing conventional yields. This may be a reason for the observation that the yield gap is particularly marked in developed countries where intensive conventional agriculture systems are high yielding, and that in recent decades, the yield increase per hectare in studies from developed countries, such as Germany, has been lower for organic than conventional crops (Noleppa 2016) .
While de Ponti et al. (2012) and Seufert et al. (2012) concluded that there was not a sufficient number of studies to support or reject the possibility that organic can produce comparable yields to conventional systems, Reganold and Wachter (2016) , by assessing 40 studies, came to the conclusion that organic agriculture can significantly contribute to solving future food problems, particularly in low input-low output systems in developing countries, by outperforming local conventional systems.
Thus, the topic Bfeeding the world through Organic Agriculture^needs to be applied in different ways for different regions of the world and for different intensities of farming systems. For example, it has been suggested that organic agriculture can only generate sufficient returns in Sub-Saharan Africa to achieve broad adoption if special incentives such as subsidies or guaranteed premium prices are introduced (Toenniessen et al. 2008) .
Alternatively, Grinsven et al. (2015) advocate for compensation of a sustainable extensification of agriculture in the Netherlands and Northern Europe, to be balanced by a sustainable intensification elsewhere in currently low-yielding areas. The authors argue that conversion to a Bdemitarean^diet, halving the standard portion of meat consumed in a regular meal, in the EU27 can be provided by large-scale conversion to organic agriculture while at the same time reducing demand for agricultural land outside the EU by about 100 million ha.
While sustainable yield improvement and stabilization of yields seem achievable for developing countries through applying organic agricultural methods, closing the yield gap between organic and conventional systems in developed countries could be seen as secondary to reducing food waste. Currently, up to 35% of food initially produced is lost or wasted along the food supply chain, and another 17-25% is wasted at the consumer level (Gustavsson et al. 2011) .
Thus, the discussion about yield gaps in developed countries cannot be uncoupled from discussions about food wasting, changing diets and global production balances. Additionally, Holt-Giménez et al. (2012) argue that the current worldwide food production is already sufficient to feed ten billion people and that hunger is caused by poverty and inequality rather than a lack of production.
The role of livestock
The role of livestock is key in addressing the ability of organic to feed the world. Since about 80% of total farmland is non-arable, i.e. grassland and pastures, ruminants do play a key role for sustainable land use entailing meat, milk and fibre production with restriced competition for human food. Furthermore, grasslanddominated feeding of ruminants relativizes the aspects of climate change impacts by ruminants. Thus, livestock will play an important role in agri-food systems of the future, but current livestock density needs to be reduced due to scarcity of resources, especially in developed countries. In developing countries, on the other hand, there is a need for sustainable small-scale animal production systems, particularly systems that rely on livestock for nutrient recycling or as a backstop in times of economic uncertainty. Livestock operations design is especially important in fragile environments, where animal grazing must be controlled and manure must be gathered for recycling where appropriate.
It is also important to address what amounts of animal products are optimal from a dietary perspective. Research is needed on effective strategies to reduce the consumption of animal protein and modeling regionalized solutions to maximize food availability and nutrient efficiency.
Nutrient cycling
To produce sufficient amounts of food, nutrients are required for fertilization and maintenance of soil fertility. On farms without animal integration, solutions for nutrient recycling from urban areas to agriculture will be critical for future sustainability and food security. There is a need for new P fertilizer sources that are acceptable in organic agriculture , and nitrogen management is important, because fertilizer overuse and mismanagement of N-fixating legumes may result in environmental pollution. Incorporating legumes into crop rotations has been asserted as essential for crop management systems that aim at enhancing sustainability and buffering against the dependence on mineral N fertilizer and of high energy input (Vance 2001) . Digesting organic materials, including crop residues and green manures, for energy production, provides an interesting opportunity for optimizing N supply in organic farming systems (Frøseth et al. 2016; Pugesgaard et al. 2014) , since the traditional mulching of green manures may lead to significant N losses. Excessive use of agricultural fertilizers, and the current treatment of human sewage, commonly leads to eutrophication of water bodies and contribute to GHG emissions, while resources of phosphate rock are diminishing and dependence on N fertilizer is increasing ). This adds on to the need for improving recycling of nutrients and organic matter from field via fork and back again to agricultural production. Permitting the use of struvite and calcined phosphate, as recently proposed by the expert group for technical advice on organic production (European Commission 2016), will significantly change the nutrient supply to organic agriculture, provided pathogens and contaminants are controlled satisfactorily. Recent studies (Løes 2016) have shown that a majority of stakeholders from the organic sector are positive towards increased utilization of human excreta in organic farming. Human excrements are basically freely available organic matter and nutrients, which can be used for energy production and fertilization. It can be used to produce methane, compost and even energy through incineration. This valuable resource needs to be recycled back into the system and applied to the soil. However, we also need to address the pathogen problem. Some research has been done showing that plants are good at mitigation for heavy metals (Kumar and Dushenkov 1995) and composting can be used for pathogen elimination, but more research is needed in these areas.
Reducing the impact of agricultural activities on the environment
There is no doubt that all farming systems affect nature and the surrounding environment. Since agriculture can both preserve biodiversityand destroy biotopes, there is an option to reduce negative impacts while maximizing ecosystem services. Organic agriculture addresses this challenge, but while it is considered environmentally sound when best practices are followed, it still has room to improve Rahmann and Aksoy 2014; Reganold and Wachter 2016) . Precision farming tools should be adapted to organic farming needs to combine the Bland sparing^vs Bland sharing^concepts on the field scale. Fossil energy and available external nutrient inputs need to be replaced by renewable and recycled resources to avoid further land use changes and other detrimental environmental effects.
Maintaining and improving soil fertility
As discussed in BNutrient cycling^, recycling of nutrients from society back to organic farming systems will be required in the long term, as shown by several studies where organic farming systems tend to decline in soil nutrient concentrations (e.g. Gosling and Shepherd 2005; Haas et al. 2007) . Mixed farming systems, where nutrients are cycled within the system via animal manure, are well known for good quality of soil organic matter, active soil biology and favorable soil structure (Mäder et al. 2002) . Lal (2009) and Bindraban et al. (2012) highlight that several techniques commonly used in organic agriculture contribute to restoring degraded soils, such as no-till farming (Moos et al. 2016) , using light machinery, mulching, cover cropping, integrated nutrient management, residue management, crop rotation, planting crop mixtures, manure application and use of N-fixing plants. These techniques can be considered a starting point for developing sustainable systems to restore degraded soils (Bindraban et al. 2012) . Bhattacharyya et al. (2015) proposed to work on solutions at the level of watersheds, as the various elements of these units are subject to relatively similar climatic conditions and therefore similar management measures show promise in mitigating environmental changes.
Organic agriculture contributes to conservation agriculture through its adoption of diversified crop rotations and cover crops, but it lags behind in the adoption of reduced tillage systems. However, interest by organic farmers in conservation tillage is increasing in both arable (Peigné et al. 2007; Peigné et al. 2016 ) and vegetable cropping systems . Recent research projects (e.g. www.tilman-org.net, http://coreorganicplus.org/research-projects/soilveg/) have shown that appropriate crop rotation and cover cropping designs, reduced tillage as well as occasionally reduced tillage or occasional direct seeding have the potential to preserve yield levels and prevent build up of aggressive weed communities Cooper et al. 2014; Moos et al. 2016 ). This pathway is likely to result in organic agriculture systems becoming more resilient and environmentally friendly. In Mediterranean regions, conservation tillage systems with cover crops could have similar potential in the control of weeds and provision of additional ecosystem services such as soil temperature control and the conservation of water and energy. Such systems are well adapted to organic vegetable growing, which may contribute to both food security and farmer revenue (Canali et al. 2015; Moos et al. 2016) .
Redesigning organic farming systems is necessary for Organic 3.0. Besides restricted input, inputs should be sustainably produced and applied correctly and precisely. Taking a redesign approach based on agriecology gives us the chance to shape future farming systems and food supply chains to overcome issues created by the widely implemented Bsubstitution^ap-proach, where organic inputs are substituted for conventional ones.
Preserving biodiversity
Several studies have been conducted on the effect of organic agriculture on biodiversity (Bengtsson et al. 2005; Hole et al. 2005) . The latest meta-analysis by Rahmann (2011) and Tuck et al. (2014) revealed an overall positive effect of organic agriculture on biodiversity, with an average 30% increase in species richness. Results have been robust over the past 30 years. The authors point out that the effect varies with the organism group and crop studied, the positive effect on biodiversity is greater in landscapes with higher landuse intensity and studies conducted so far are heavily biased towards the developed world, especially Europe and North America. An ongoing debate concerning the positive effect of organic agriculture on biodiversity is about the costs at which this benefit is achieved. Gabriel et al. (2013) , for example, argue that increased biodiversity is correlated almost proportionately with decreasing yields and therefore more agricultural land would be needed to produce sufficient food supply, which in the end might cause even more negative impacts on biodiversity. At this point, the discussion relates to the challenge of how to feed the world. In this respect, it is useful to introduce the concept and approach of functional agri-biodiversity without loosening overall diversity which in its uncovered elements and interactions may deliver further currently unknown ecological services (Köpke 2016b (Köpke , 2017 .
Despite the many definitions of functional agribiodiversity in the scientific literature (e.g. Pearce and Moran 1994; Gurr et al. 2003; Clergue et al. 2005) , it is most appropriate to consider functional biodiversity as the part of total biodiversity composed of groups of elements (at the gene, species or habitat level) and their interactions able to provide the same agri-ecosystem service driven by within-group diversity (Moonen and Bàrberi 2008) . More recently, Costanzo and Bàrberi (2014) identified three functional biodiversity categories (identity, composition and diversity) and proposed that linking crop traits to agri-ecosystem services should facilitate the identification of suitable biodiversitybased options for farmers and policymakers. From a more ecologically based perspective, a similar view has been recently proposed by Wood et al. (2015) . A functional, trait-based approach should highlight the benefits that organic agriculture can take from and deliver to biodiversity and contribute to the development of more sustainable and resilient organic agricultural systems (Bàrberi 2015) .
A well-managed future organic agri-ecosystem can maintain or even increase biodiversity at the farm level and outside the farm. Besides, agriculture can make wise use of agri-biodiversity to increase its sustainability and resilience. Agriculture can support biodiversity (BA for B^) and biodiversity can support agriculture (BB for A^) Erisman et al. 2016) . However, the importance of balancing these two views is rarely considered (Altieri 2004 ). This is due partly to the different importance given to them by ecologists and agroecologists and partly to the lack of a clear definition of agri-biodiversity (Moonen and Bàrberi 2008) .
The biodiversity issue is often addressed in overly broad terms. Since there is no clear relationship between the biodiversity and the expression of (agro) ecosystem services (Bengtsson 1998; Wood et al. 2015) , a clearer framework highlighting the potential of biodiversity to support agri-ecosystem services of whatever kind is needed (e.g. Erisman et al. 2016 ). This would also shed light on the likelihood that provision of production and non-production-oriented agri-ecosystem services is possible. The role of diets shaping biodiversity in production systems also needs to be evaluated (FAO 2012).
Mitigating and adapting to climate change
Agricultural activities, also within organic agriculture, contribute to climate change, which has significant and usually negative implications for agricultural production. Even subtle changes to the climate can have drastic effects on farming operations, and a general consequence of climate change is that extreme weather conditions appear more often (e.g. Hov et al. 2013 ). Agrifood production systems need to become more resilient to extreme weather conditions and influxes of pests and diseases. Organic agriculture has the potential to mitigate and adapt to climate change along three main features: farming system design, cropland management and grassland and livestock management (Scialabba and Müller-Lindenlauf 2010; Huelsbergen and Rahmann 2013) .
Adaptation is a key factor that will shape the future severity of climate change impacts on food production. Agri-ecosystem adaptation is obtained through a number of combined strategies, such as the sustainable use of water resources, soil organic matter management and the diversification of farming systems (Mijatovic et al. 2013a, b) . Recently, Diacono et al. (2016) discussed how a suite of strategies (i.e. hydraulic arrangement, crop rotations, cover crops and living mulches, use of organic soil conditioners) can be complementarily combined to design cropping systems for long-term climatic change adaptation in organic farming.
In organic agriculture, the use of external inputs is lower and thereby emissions of GHG are reduced per unit of land when compared to high-input conventional systems. However, there is more variability in GHG emissions per unit organic product, and studies have found higher, lower or equal emissions compared with corresponding conventional systems (Tuomisto et al. 2012 ). This implies that there is a need to improve current organic practices to achieve higher productivity per unit of land and higher N use efficiency per unit product. As a result of reducing external inputs, the total energy use per product unit has been shown to be on average 15% lower in organic agriculture in a study conducted in the UK (Ministry of Agriculture Fisheries and Food of the United Kingdom 2000; Huelsbergen and Rahmann 2013; Erisman et al. 2008; Rahmann et al. 2008) .
Reduction of GHG emissions can be achieved by integrated livestock management. For example, in the EU, livestock units must not exceed 2 units per hectare, which is equivalent to 170 kg N per hectare and year, thereby tailoring manure input to plant uptake capacities. Furthermore, case studies have shown that the emissions from milk and beef production can be significantly reduced by keeping combined milk and beefyielding breeds (Scialabba and Müller-Lindenlauf 2010) .
The restoration of degraded land has mitigation potential by increasing soil carbon sequestration. Strategies to restore degraded land are congruent with organic agricultural approaches such as crop rotations, use of cover crops and mulches, agroforestry, manuring and other application of organic amendments. In this way, organic agriculture may also help in improving livelihoods in dry areas.
The sequestering of carbon in organically managed soils has considerable potential (Gattinger et al. 2012 ), as sequestration is currently the only realistic way to rapidly remove CO 2 from the atmosphere. Niggli et al. (2009) calculated that global farmland has a carbon sequestration potential of 2.4 Gt CO 2 eq year −1 if converted to organic agriculture and managed for an extended period. The global carbon sequestration potential by improved pasture management practices was calculated to be 0.22 tons C ha −1 year −1 and organic livestock keeping is known to maintain such grasslands (Watson et al. 2000) . However, the level of soil organic matter does not increase indefinitely but reaches a certain equilibrium (Jonston et al. 2009 ). Thus, carbon sequestration in soils is limited and cannot be the only solution. Methane (CH 4 ) emissions from enteric fermentation are especially relevant in developing countries. While the CH 4 emissions per product unit in conventional agriculture systems are controlled via the use of high energy feedstuffs in developed countries, this seems not to be the way for developing countries (Huelsbergen and Rahmann 2013). Instead, improving management, feeding, breeding and disease control are likely to be the keys to higher yields and enhanced animal longevity in these regions. In turn, there is a reduction in emissions per product unit (Pretty and Hine 2001) . Whether organic agriculture in developed countries should use high proportions of high-energy feedstuff to reduce emissions per product unit is still a subject of discussions (Scialabba and Müller-Lindenlauf 2010) since the production of such crops carries a significant carbon footprint. Irrespective of this discussion, methane emissions from organic livestock systems can be reduced by about 10% (under European conditions) through increased longevity of animals. Furthermore, methane emissions from manure can be significantly reduced by fermenting the slurry in biogas plants (Müller-Lindenlauf 2009) or protecting compost windrows with a fleece cover (Sommer 2001).
However, recent studies have shown that this benefit could be counteracted by methane emissions during storage and spreading of compost and manure, implying the importance of improved management of this potential important nutrient and energy resource (Daniel-Gromke et al. 2015; Rodhe et al. 2015) .
Contribution of organic agriculture to fulfilling ethical values
Support of mixed-scale farms is of vital importance for Organic 3.0, because the BEden narrative^(Oeld-Wieser and Darnhofer 2009) of small farmers, butchers and groceries working together in harmony does not always correspond with modern market structures. On the other hand, judgements that small-scale farmers are morally superior and large-scale companies are less moral and are not reasonable.
In accordance with the agri-ecological approach, implementation of social components in the redesign process is necessary. While there are significant differences in working conditions and training systems among large industrial farms, middle-sized family farms and smallholdings, cooperation is a major challenge across the whole organic sector (Reissig et al. 2015) . Increased cooperation among farmers, processors and retailers is one of the most critical steps for organic agriculture (Wägeli and Hamm 2015) , and social issues related to ethical principles, especially fairness, are highly relevant in the context of this cooperation (Hamm et al. 2016 ). While collaboration is critical across scales, the ability of large and small actors being able to cooperate in a fruitful manner remains challenging.
In recent years, it has become clear that the longstanding mixture of small and big actors will likely not survive in the future. Large conventional food companies have entered the organic sector in both developed and developing countries (Howard 2013) , and small organic companies have grown large, with national market dominance and centralization as a common consequence.
The substantial decrease in the number of small farms puts pressure on family farms, especially in Europe and the USA.
Support for medium-sized organic operations may result in market dynamic facilitation positive social development. Specifically, strong positive social relations between farmers and consumers and coordination between organic agriculture and policies that support the environment, living countrysides, tourism and cultural heritage in rural areas may be fruitful to achieve a longstanding growth of organic acreage. Diverse market channels benefit both producers and consumers (Aertsens 2011) and act against widening price margins (Kuosmanen and Niemi 2009) . The most fruitful cooperation between stakeholders and consumers is based on co-innovation (Chathoth et al. 2013 ) and co-creation (Grönroos 2011) .
Further, as recent case studies have demonstrated, a Bperspective of equity, of acquiring autonomy and of promoting human development^has been realized in some mixed structures, where small family farms have cooperated with industry partners (Blanc 2009 ). Such experiences remind us that the organic movement has to avoid a too narrow or one-dimensional analytical framework. Small-scale farmers can be supported and yields can be increased when local farmers are organized, active consumer support is mobilized, agronomy is supported by by technical advice and researchers and the general public maintain involvement (Blanc 2009 ).
Meeting the integrity of the food chain
Most consumer expectations regarding the sustainability of food products are focused on the process of food production rather than the end product. It is therefore difficult for consumers to identify products that fulfill their expectations, because there is little transparency between on-farm practices and product appearance in retail. Certification is a means for gaining consumer trust in the integrity of the food production process and addressing this information disparity (Jahn et al. 2005) . The labeling of certified products enables consumers to make informed buying decisions (Golan et al. 2001) , and policies associated with certified products have helped supply meet demand while maintaining reasonable organic food prices (Thogersen 2010) . Political support, e.g. in the EU, has been crucial for defining the future of organic food systems in many developed areas. It is uncertain if this support will continue in the future, and this uncertainty may have an impact on prices and standards (Zanoli et al. 2012; Barabanova et al. 2015) .
There is no doubt that the ethical and cultural dimension of food systems, such as purchasing habits, processing, preparation and eating behavior, has a significant impact on food systems (Naspetti and Zanoli 2014) . For example, consumer interest in the role of livestock has given rise to discussions about animal welfare and vegetarian diets. Similarly, conversations about how fast food culture is changing local food habits and systems, particularly for younger generations, have highlighted the need to train and inform the public about food production, healthy diets and sustainable living habits.
Product quality and human health
Changes in consumption patterns is a crucial issue in the transformation to sustainable food systems (Tauscher et al. 2003) . Consumption patterns of organic consumers are currently closer to the sustainable diet concept of the FAO than the patterns of non-oragnic consumers (Kesse-Guyot et al. 2013) . Because there is a feedback loop with diets playing a central role in shaping food systems and food systems shaping diets, the question of organic as a sustainable and healthy diet is an essential topic that must be addressed in parallel to sustainable organic production.
If we define the healthfulness of food by its nutritional quality and lack of pesticide residues (Smith-Spangler et al. 2012) , there is strong support from the literature based on the possible negative effects of non-organic food on humans due to pesticide residues (Hauser et al. 2015; Blair et al. 2015) , GMOs (Vendomois et al. 2010 ), antibiotic-resistant bacteria (WHO 2011 SmithSpangler et al. 2012) , veterinary drug residues (FAO 2011a, b) and food additives such as colorants (Mpountoukas et al. 2010 ). Food safety is among the important reasons to buy organic food (Hemmerling et al. 2015) .
Organic agriculture and food production are described as following a more holistic approach (Codex Alimentarius EC 2007; Levidow et al. 2012) . Recently, experts from the international association Food, Quality & Health (FQH www.fqhresearch.org) have started to provide definitions for organic food (Kahl et al. 2012a) , organic food quality (Kahl et al. 2012b) , health (Huber et al. 2011 ) and organic food processing and its impact on the food (Kahl et al. 2014a, b) . The FQH describes the food and production process (the production) as inseparable aspects which can be defined by criteria, indicators and measurable parameters (Kahl et al. 2012 a, b) . Furthermore, they identified laboratory methods for evaluating the food (Kahl et al. 2014a, b) . Reviews and primary research evaluating the quality of organic food have reduced a perspective that needs a broad evaluation to a few narrow product-related parameters (Zalecka et al. 2014) . A more systematic evaluational approach is required, which also includes the perceptions of consumers.
In addition to describing the quality of organic food in itself, the concept of organic diets within organic food systems has also been investigated (Strassner et al. 2015) . Organic diets could indeed comprise more than traditional diets with organic ingredients, such as less meat and more grain legumes, which are required to reduce the pressure on increased food production. Such discussions may contribute to change the perspective of ideal food systems from a Bfield to fork^approach to a Bfork to field^approach, putting the stakeholders towards the end of the food chain such as wholesalers, retailers and consumers and forwards as a major driver to increase and concurrently redesign organic agriculture and food production in general.
One of the major challenges for the organic agri-food system is to change the fieldwork-driven Organic 2.0 groundwork to an Organic 3.0 methodology that uses information from a broad sector of conducted research, consumer interest and sustainable consumption as a driver of organic growth (weeding) (Kahl et al. 2010; Kahl 2012) . Organic 3.0 will include information on value-added components of organic food and farming and will be supported by the rapid increase in data available to perform meta-analyses comparing levels of relevant compounds in organic and non-organic products (e.g. for plants, see Brandt et al. 2011; SmithSpangler et al. 2012; Barański et al. 2014) . The results from meta-analyses indicate that the levels of some beneficial compounds such as polyphenols are significantly higher in organic crops, whereas protein levels are lower. Meta-analysis of organically produced meat and dairy products show that organic milk and meat contain significantly more beneficial omega-3 fatty acids than their conventional counterparts (e.g. Palupi et al. 2012; Średnicka-Tober et al. 2016a; Tauscher et al. 2003; Średnicka-Tober et al. 2016b) . Moreover, organic milk contains more conjugated linoleic acid (CLA). Along with these nutritional advantages, pesticide residues are significantly reduced in organic crops (Lairon 2010; Smith-Spangler et al. 2012; Barański et al. 2014; Dangour et al. 2009; Smith-Spangler et al. 2012; Załęcka et al. 2014) .
The Oslo Symposium in 1994 proposed a working definition of sustainable consumption as Bthe use of goods and services that respond to basic needs and bring a better quality of life, while minimizing the use of natural resources, toxic materials and emissions of waste and pollutants over the life cycle, so as not to jeopardize the needs of future generations^ (IISD 2016) .
The FAO (2012) also addresses sustainable diets, but with a slightly different definition: BSustainable Diets are those diets with low environmental impacts which contribute to food and nutrition security and to healthy life for present and future generations. Sustainable diets are protective and respectful of biodiversity and ecosystems, culturally acceptable, accessible, economically fair and affordable, nutritionally adequate, safe and healthy, while optimizing natural and human resources^. With this definition as a starting point, organic agricultre and organic diets indeed have a lot to offer for sustainable development (Strassner et al. 2015) .
Fostering innovative research in organic agriculture
In summary, feeding the world must be regarded as a highly complex topic. It cannot be treated in a onedimensional manner, which is commonly the case in debates about the role of organic agriculture in food security. Longstanding solutions require that an increase in production and improvement of productivity should be accompanied by changes in lifestyles and ambitious campaigns against all forms of food waste.
Innovation is critical for all agri-food systems, including organic, and these innovations must be based on a system approach. Research should be framed by investigating solutions to reduce the yield gap between organic and conventional systems while linking sustainable consumption to sustainable production. A growing number of citizen activists have helped drive interest in research addressing the ecological challenges brought about by agriculture. These activists call for relevant research to overcome these challenges, aiming at affecting values, attitudes and politics. While engaging the public can be a key aspect of increased environmental focus, it is important not to reduce the complexity to measurable parameters when modeling and assessing the impact of the organic food system on sustainability, even if this reduction makes the outcomes easier to disseminate.
Innovations in organic agriculture can only be achieved when they are in line with the expectations of consumers (e.g. Arbenz et al. 2015) . The concept and the standards of organic agriculture comprise an ethical and moral understanding of the food chain while ignoring and banning several scientific-based innovations such as GMOs, most chemical pesticides and most food processing chemicals. The organic food chain aims at minimizing risk, but is concurrently risk vulnerable because the inputs to amend possible crises are restricted. Organic agriculture needs to discuss how science can be utilized in a productive way to achieve the redesigns integrated in Organic 3.0, without compromising the ethics of the principles and standards.
The category of innovation is not limited to technical aspects but also relies on the creativity and diversity in perspectives of researchers, social networks and institutions. Innovation highlights the need for engagement of communities outside of those traditionally represented in environmentalism, not only so that we may investigate environmental challenges from a multitude of viewpoints but also so that the results of these investigations can be integrated into working cultures, cooperative structures and values. Therefore, it is necessary for organic farmers and the organic sector to promote a bold spirit of inclusivity in innovation and a culture of intensive learning and communication regarding new solutions and innovative practices.
In the past, organic agriculture traditions have defended deep-rooted values of rural cultures. In the future, however, traditions must be complemented by new ideas and ways of thinking as well as adapt useful modern techniques, developed in close cooperation with many engaged and competent scientists all over the world. Traditional styles of management must be called into question and evaluated with fresh perspectives. Organic 3.0 must transcend the challenges of the past to overcome classical, social and cultural frontiers in agriculture and food production. Therefore, it is critical to shift sectorial debates about morality and responsibility from a more general uptake of ethical principles to a more practical perspective examining the relationships between innovation, fairness and empowerment.
The organic food system needs increased legitimacy in our society and that happens partly by incorporating it into institutional and political innovation policies. To achieve this goal, agricultural training methods must also be reformed, and actor-friendly structures for learning scientific and non-scientific knowledge must be implemented throughout the sector.
In Organic 3.0, we need a redesign for sustainable and healthy lifestyles, not just a redesign for agroecological production methods. Thus, a critical goal for Organic 3.0 is to inform consumers and reconnect health, environment and product quality as essential elements of general human well-being as well as of the agri-food system. Research on methods to achieve the goal of healthy and sustainable organic lifestyles will need to be holistic and inter-and transdisciplinary and include affordability into food quality issues.
An increasing number of organic farmers choose not to certify their products (Veldstra et al. 2014) . Organic 3.0 has to develop new standards and methods for certification to avoid overregulation while encouraging participation from farmers of multiple scales and values. This could be done by focusing on dynamic system indicators (e.g. quantifying and monitoring of wild/ endangered species on farms ) and risk-based certification procedures (Gambelli et al. 2014a (Gambelli et al. , 2014b . However, finding these integral system indicators will be a challenge, and more research must be done focused on their development.
Five action areas for the development of organic agriculture over the next 30 years (1-5), and three for a longer time perspective (6-8), were recently proposed (Rahmann 2016a, b) and are in line with the contents of the present paper:
1. Conventional can learn from organic: Both conventional and organic production must increase their sustainability to be ecologically sound, maintain high ethical standards, be profitable and be social acceptable. To achieve this, we must change the industrial production chain and incorporate local farming systems, where farmers are able to make a living wage and food prices are affordable for everyone. The externalities incurred during production need to be included in the price of products. 2. Organic can learn from conventional: Organic agriculture needs to be more productive to be accepted in societies with limited land and food quantities. This means realizing that not all farm inputs are unsustainable. Clear criteria are needed on how to incorporate sustainable and healthful conventional strategies and precision farming technologies into organic practices. 3. Scale-up best organic farming practices: Best farming practices are necessary to fulfill the consumer and public demands while maintaining high efficiency when faced with limited resources. Both organic and conventional agriculture must train farming communities in best practices based on local ecological conditions and commodity types. Capacity building and training need to be supported by research, and methods to transfer best farming practices permanently across all farming systems examined. 4. Food production needs closer links to the consumers: It is important to educate consumers that, in a sustainable future, not everything will be readily and cheaply available. In order to preserve our environment, we must modify consumption patterns, and western countries need to reduce consumption significantly. We have to avoid food waste, reduce livestock production and utilize novel food sources. Additionally, crops need to be bred for nutrient quality rather than just high yield. 5. Farming must change from commodity production to need-based production: Non-food production must be viewed as secondary to what is needed by the local society. Additionally, local food production to support community needs must be improved and scaled up through community supported agriculture programs.
Unfortunately, there have been few discussions looking further into the future than 2050. This longterm thinking is necessary; however, because even if all five of the visions listed above come to fruition, they will not be able to fulfill the demand of 11-13 billion people. Research is needed to address the long-term sustainability, i.e. perpetuity of food systems, and must be started now. Rahmann (2016a, b) suggests three action areas to be prepared for the future beyond 2050:
6. Less livestock and changed animal husbandry systems: Numbers of livestock need to be reduced significantly. Competition for human food resources have to be minimized.
Ruminants that are able to digest fibres of non-arable land use will have an advantage in future organic food and feed systems. This will also require improved food consumption awareness about healthful diets (e.g. avoiding malnutrition with vegan diets). Invention of novel protein food resources based on insects and seafood is necessary.
7. Local vs global food chains: The transport of food must decrease significantly. Communities must be built around agricultural productive regions rather than having food produced in these regions shipped to areas where food cannot be readily grown. Additionally, people must preferentially consume locally and seasonally available food rather than relying on imports. Such a strategy must be sensibly balanced with the needs of developing regions that relay on exports. Moreover, the general use of the principle of comparative costs has to be called into question.
8. Landless food production: Organic farming currently requires improvement to healthy soil and prohibits soilless food production. However, soil is scarce, and in some areas, pollutions reduced the ability to produce healthful crops. Food can be produced on sealed surfaces (urban agriculture, indoor/household, at walls and on roofs, etc.). Additionally, aquaponics provides an opportunity to link excess nutrient production from aquatic food production with land-based food production where nutrients are limiting.
Conclusion
Organic agriculture can and should play an important role in solving future challenges in producing food. The low level of external inputs combined with knowledge on sustainablity minimizes environmental contamination and can help to produce more food for more people without negatively impacting our environment. Organic agriculture must be supported with multidisciplinary research to find both technical and socioeconomic solutions to current agricultural-based issues. The main challenges of the future can only be overcome in a participatory approach, following an agri-food system view with enhanced sustainability, i.e. perpetuity and health as the main targets.
To scale-up organic solutions, production qualifications need to be improved. Yields per hectare can be increased in the majority of the global farming systems by improving management and implementing best practices. There is a need to transform sustainable organic food production from a system with low inputs and low outputs to one with low external inputs and medium output. Furthermore, this must be linked to local food consumption.
Organic agri-food systems must be developed to become more resilient against extreme weather conditions and climate change. Additionally, the integration of biodiversity as part of the food system must be improved. There is also a need to work on improved nutrient use efficiency and methods for controlling cycles of pests and pathogens. Innovative organic agrifood systems must determine whether and how they can achieve these objectives while supporting clean water, air and healthy soils in addition to system resilience.
To educate people about food production, healthy diets and a sustainable lifestyle beyond food consumption is an overall need. The drivers of sustainable consumption must be identified so that they may be leveraged to encourage sustainable lifestyle adoption.
Similarly, fair distribution of high-quality food at reasonable prices is a critical issue for organic. Organic products need to become affordable to everyone in the world while keeping the standards in production high. There is a need for identifying the drivers of sustainable consumption and for contributing to enhanced sustainable lifestyles.
Organic cannot rely solely on agricultural practice improvements but must become a model for sustainable and healthy food systems both locally and globally. There is an urgent need to identify pathways towards developing these models, and with the aid of innovative organic research, the organic sector has the potential to perform pioneering work. 
